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The cellular surveillance-activated detoxification and
defenses (cSADD) theory postulates the presence of
host surveillancemechanisms thatmonitor the integ-
rity of common cellular processes and components
targeted by pathogen effectors. Being organelles
essential for multiple cellular processes, including
innate immune responses, mitochondria represent
an attractive target for pathogens. We describe
a Vibrio cholerae Type 3 secretion system effector
VopE that localizes to mitochondria during infection
and acts as a specific GTPase-activating protein
to interfere with the function of mitochondrial Rho
GTPases Miro1 and Miro2. Miro GTPases modu-
late mitochondrial dynamics and interfering with
this functionality effectively blocks innate immune
responses that presumably require mitochondria as
signaling platforms. Our data indicate that interfer-
ence with mitochondrial dynamics may be an unap-
preciated strategy that pathogens use to block host
innate immune responses that would otherwise con-
trol these bacterial infections. VopE might represent
a bacterial effector that targets the cSADD surveil-
lance response.
INTRODUCTION
The mammalian innate immune system plays a crucial role in
defending against invading pathogens; however, at the same
time, it needs to be tolerant toward commensal microbiota
beneficial for the host. Currently, the basis for this discrimination
is not well understood. Two prominent theories that attempt to
explain bacterial pathogen recognition are (i) the recognition of
pathogen-associated molecular patterns (PAMPs) by pattern-
recognition receptors (PRRs) and (ii) the recognition of dam-
age-associated molecular patterns (DAMPs) that are released
from dying pathogen-infected host cells. While PAMP theory ex-
plains a broad recognition of invading microorganisms based on
the presence of conserved structures such as lipid A, flagellin, li-
poproteins, nucleic acids, and peptidoglycan-related molecules,
this model provides no explanation for how the host discrimi-Cell Host &nates between pathogenic and beneficial bacteria, both of which
have PAMPs (Vance et al., 2009). The DAMP theory is more
attractive in this regard in that it postulates that only pathogenic
bacteria induce death of host cells. However, the weakness
of this model is the timeline of the defense, as it can only be
launched after the death of host cells. Therefore, it may operate
more as a ‘‘damage-control’’ strategy than an active antibacte-
rial defense strategy (Kono and Rock, 2008).
An alternative theory known as a ‘‘guard hypothesis’’ originally
was suggested in the plant field (Chisholm et al., 2006; Jones and
Dangl, 2006) and recently was shown to be applicable to a
worm model of infection, namely cellular surveillance-activated
detoxification and defenses (cSADD) (Liu et al., 2014; Melo
and Ruvkun, 2012). This theory postulates a presence of host
surveillance proteins (disease resistance [R] proteins in plants)
or pathways that monitor integrity of normal cellular processes
and common cellular components that bacterial and viral effec-
tors target. Instead of detecting highly variable bacterial and
viral effectors, a host cell can monitor highly conserved cellular
systems that these effectors commonly target, such as the actin
cytoskeleton and innate immune signaling pathways (Broberg
and Orth, 2010). The main advantage of this theory is that it
provides an explanation for the ability of the host to specifically
identify cell-damaging pathogenic bacteria and to respond to
them in a timely manner before the host cell death.
Mitochondria are cellular organelles essential for multiple
metabolic processes, including production of energy, oxygen
and calcium sensing, control of programmed cell death
(apoptosis), and induction of innate immune responses (Cloonan
and Choi, 2013). Based on cSADD theory, monitoring the normal
functionality of mitochondria is extremely important for the
host, as a large number of known bacterial effectors target
various mitochondrial processes (Arnoult et al., 2009). Indeed,
recently, Ruvkun and colleagues identified 45 genes of Caeno-
rhabditis elegans that are required for mitochondrial surveillance,
the absence of which diminishes detoxification, pathogen-
response, and mitochondria-repair pathways (Liu et al., 2014).
While it remains to be confirmed that similar pathways are
functional in mammalian cells, it is highly likely to be the case,
because the genes identified in this screen, including genes
that encode proteins involved in ceramide and mevalonate
synthesis pathways, are highly conserved between worms and
mammals.
In this work, we used Vibrio cholerae AM-19226 as a model or-
ganismand found that a type 3 secretion system (T3SS)-deliveredMicrobe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc. 581
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Figure 1. VopE Is Targeted to Mitochondria
(A) V. cholerae AM-19226 VopE and its derivatives:
R125K has a loss-of-function mutation in the
ToxGAP domain, DMTS construct lack the first 23
amino acids that are predicted to be required for
mitochondrial targeting, and L4E has a single point
mutation introducing the negative charged amino
acid into predicted MTS.
(B) Immunostaining of CHO cells transfected
for 20 hr with the pAcGFP-N1 plasmids expres-
sing indicated proteins. Mitochondrial localization
shown with percent of the cells and asterisks.
Bar = 10 mm. See also Figure S1.
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Role of VopEeffector VopE is required to prevent mitochondrial perinuclear
clustering and to suppress innate immune responses during
V. cholerae infection of cultured mammalian cells. We showed
that, in the absence of VopE, mitochondria were clustered in the
perinuclear space, which resulted in aggregation of themitochon-
drial outermembraneproteinMAVSand inductionof inflammatory
signaling. However, in the presence of VopE mitochondrial and
MAVS localization and inflammatory signaling were indistinguish-
able frommock-treated cells.We further showed that VopE binds
tomitochondrialRhoGTPasesMiro1andMiro2andactivates their
GTPaseactivity, effectively interferingwith their ability tomodulate
mitochondrial trafficking. Because our experiments indicate that
Miro-dependent mitochondrial dynamics may be essential for
activating innate immune signaling during V. cholerae infection,
weconclude that VopEmight beanexampleof a bacterial effector
that targets the cSADD surveillance response.
RESULTS
VopE Is Localized to Mitochondria
VopE has been previously identified as an important T3SS
effector in V. cholerae. Its translocation into host cells has
been demonstrated using a b-lactamase as a reporter assay,
and it has been shown to be essential for full pathogenicity in a
rabbit model of enteric infection (Alam et al., 2011; Shin et al.,
2011; Tam et al., 2007, 2010). A BLAST homology search
revealed that sequences homologous to vopE are found in the
genomes of virulent non-O1, non-O139 V. cholerae strains,
and related bacterial species Grimontia hollisae (Figure S1A
available online). The C terminus of VopE possesses the toxic
GTPase-activating protein (ToxGAP) domain that is found in
bacterial T3SS effectors, such as YopE, SptP, and ExoS, known
to disrupt the actin cytoskeleton in mammalian cells (Figures 1A
and S1B) (Aktories et al., 2000; Sun et al., 2004). Sequence-
based protein structure prediction by the PHYRE2 (Kelley and
Sternberg, 2009) predicted that VopE has a similar structure to582 Cell Host & Microbe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc.that of Yersinia YopE (Figure S1C); how-
ever, unlike Yersinia YopE-GFP, ectopic
protein expression of VopE-GFP in CHO
cells had no effect on the actin cytoskel-
eton (Figure S1D), suggesting that VopE
plays distinct roles in cellular responses
from other conventional ToxGAP-con-
taining T3SS effectors.The N terminus of VopE had a positively charged amphiphilic
structure that is a typical mitochondrial-targeting sequence
(MTS). Plasmids encoding GFP fusions to the wild-type (WT)
VopE or to a R125K mutant of VopE lacking ToxGAP activity
were transfected into CHO cells. Immunostaining revealed that
both WT and R125K mutant are localized to mitochondria
in more than 90% of transfected cells (Figures 1A and 1B). As
a positive control, we used a GFP fusion to mitochondrial-asso-
ciated protein (Map) from enteropathogenic Escherichia coli
(EPEC), as it is one of the best-characterized mitochondria-
targeting effectors (Arnoult et al., 2009) (Figure 1B). Disrupting
the VopE-GFP MTS either by complete deletion of the domain
(DMTS) or by introducing a negatively charged amino acid into
the MTS (L4E) resulted in VopE failing to localize to mitochondria
(Figure 1B). Additionally, ectopic expression of VopE R125K, but
not theWTVopE, often induced net-likemitochondrial structures
with the VopE R125K localizing to branching or polar sites
of mitochondria (Figure S2A), suggesting that the putative GAP
activity of VopE regulates mitochondrial morphology.
Localization of VopE to Mitochondria Is Dependent on
Membrane Potential
Transfection experiments showed that the protein expression
level of VopE in mammalian cells was low likely due to codon us-
age bias between bacterial and eukaryotic cells (Figures S2B
and S2D). We therefore synthesized a codon-optimized version
of vopE for expression in mammalian cells, which dramatically
improved protein expression level compared to the original
sequence (Figures S2C and S2D). We hereafter used the
codon-optimized vopE as the WT for transfection experiments.
Cell fractionation analysis of 293T cells expressing FLAG-tagged
VopE showed that VopE-FLAG and R125K-FLAG, but not L4E-
FLAG, were contained in the mitochondrial fraction (Figure 2A).
Decreased expression of L4E-FLAG may be due to low stability
of VopE in the cytoplasm, since it is not targeted to themitochon-
dria. Mitochondrial heat shock protein 70 kDa (mtHSP70) and
AB
C Figure 2. VopE Is Targeted to Mitochondria
during V. cholerae Infection
(A) Immunoblotting of lysates from 293T cells
transfected with the indicated VopE-FLAG
expression plasmids and then fractionated as
indicated (Cyto, cytosol; Mito, mitochondria).
(B) Immunostaining of CHO cells transfected for
20 hr with VopE-FLAG expression plasmid and
then cotreated for 4 hr with CCCP and OLM.
Mitochondrial localization is shown with percent of
the cells and asterisks. Bar = 10 mm.
(C) Immunostaining of HeLa cells infected for 2 hr
with the indicated AM-19226 DvopE strains
harboring the indicated VopE-Myc expression
plasmids. Bar = 10 mm.
See also Figure S2.
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Role of VopEdynamin-related protein 1 (Drp1) were used as mitochondrial
markers (Figure 2A). Because localization of proteins into
mitochondrial organelles is dependent on mitochondrial inner
membrane potential (Martin et al., 1991), we tested localization
of VopE-FLAG in the presence of mitochondrial potential
uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP)
and F1-ATPase inhibitor oligomycin A (OLM) (Figure 2B).
Cotreatment with these compounds inhibited mitochondrial
localization of VopE-FLAG, suggesting that mitochondrial
localization of VopE is dependent on transport processes of
host cells that rely on mitochondrial membrane potential.
VopE Is Localized to Mitochondria during Vibrio
Infection
To determine localization of VopE in host cells during V. cholerae
infection, we used V. cholerae AM-19226 deficient in accessory
toxins HapA, HlyA, and RtxA, which has a low level of cytotox-
icity toward eukaryotic cells (Tam et al., 2007, 2010). Immuno-
staining of HeLa cells infected with AM-19226 DvopE strains
trans-complemented with Myc-tagged WT vopE, R125K-,
and L4E-mutated vopE genes revealed that translocated
VopE-Myc and R125K-Myc, but not L4E-Myc, were localized
to mitochondria (Figure 2C). These data suggest that the pres-
ence of an intact MTS is required for mitochondrial targeting of
VopE during infection of host eukaryotic cells.
VopE Does Not Mediate Death of Host Cells
Mitochondrial-targeted bacterial effectors often induce pro-
grammed cell death of host cells (Arnoult et al., 2009). Therefore,
we analyzed cytotoxicity, cytochrome c release, and mitochon-
drial membrane potential, all of which commonly precede cell
death. Lactate dehydrogenase (LDH) cytotoxicity assays using
HeLa cells infected with accessory toxin-deficient AM-19226
DhapA DhlyA DrtxA and T3SS-deficient derivative strain AM-
19226 DvcsN demonstrated that a functional T3SS has no effect
on host cell death, whereas the absence of HapA, HlyA, and
RtxA toxins drastically reduced cytotoxicity (Figure 3A). Consis-
tent with this result, we did not detect any difference in the num-
ber of dead host cells upon infection with DvopE strain in DhapA
DhlyA DrtxA background using ethidium homodimer-2 staining
(Figure S3A). Furthermore, we detected no change in mito-
chondrial membrane potential using rhodamine 123 stainingCell Host &(Figure S3A). As controls, we induced cell death using stauro-
sporine (STS) and disrupted mitochondrial membrane potential
depolarization by CCCP/OLM treatment (Figures S3A and
S3B). HeLa cells infected with DhapA DhlyA DrtxA strain did
not induce cytochrome c release from mitochondria into the
cytosol, unlike STS-treated cells (Figure S3B), and the ectopic
protein expression of VopE and the GAP mutant in HeLa cells
did not influencemitochondrial localization of cytochrome c (Fig-
ure S3C). These data indicate that localization of VopE to mito-
chondria, unlike that of many other bacterial effectors, does
not correlate with induction of host cell death. Also, given that
the accessory toxins contribute to host cell death, all further
AM-19226 mutant stains are made in a DhapA DhlyA DrtxA
background, which we hereafter will refer to as WT.
VopE Inhibits Mitochondrial Clustering
Mitochondrial morphology of V. cholerae-infected CHO cells
revealed that mitochondrial clustering was dramatically induced
in the perinuclear space of DvopE-infected cells (66.3% ± 4.7%
of the cells), compared to cells infected with the WT strain
(11.7% ± 2.0% of the cells) (Figures 3B and 3C). A DvopE strain
producing WT VopE, but not loss-of-function mutants, could
restore regular peripheral mitochondrial localization (Figures 3B
and 3C). Perinuclear mitochondria are observed in response
to some viral and bacterial infections and are believed to be a
more synthetically active form than peripheral organelles (West
et al., 2011). In particular,Citrobacter rodentium, a mouse-adapt-
ed bacterium closely related to EPEC, causes perinuclear mito-
chondrial clustering inaT3SS-dependentmannerduring infection
(Ma et al., 2006). Of note, T3SS-deficient AM-19226DvcsN strain
and T3SS-negative V. choleraeO37 serogroup strain V52 did not
induce perinuclear mitochondrial clustering (Figures 3B and 3C).
Thus, perinuclear mitochondrial clustering during T3SS-positive
V. cholerae infectionmightbe inducedbyT3SSeffector(s) or other
components of the T3SS such as its needle complex (Auerbuch
et al., 2009). It is noteworthy that regardless of which T3SS
component or cellular effect caused by such component induces
mitochondrial clustering, it is clearly suppressed byVopE activity.
VopE Interacts with Miro GTPases
Mitochondrial dynamics are regulated by several mitochon-
drial membrane-bound GTPases, such as mitochondrial RhoMicrobe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc. 583
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Figure 3. VopE Inhibits Perinuclear Mito-
chondrial Clustering during Infection
(A) LDH-based cytotoxicity assays on the culture
supernatants fromHeLa cells infected for up to 8 hr
with the indicated V. cholerae AM-19226 strains
(hap, haemagglutinin protease; hly, hemolysin; rtx,
repeats in structural toxin). Percent of cell death
was calculated as follows: experimental LDH ac-
tivity/total LDH activity from Triton X-100-treated
cells 3 100%.
(B) Perinuclear mitochondrial clustering in CHO
cells infected for 6 hr with the indicated V. cholerae
strains (AM192, AM-19226; WT, Dhap Dhly Drtx
strain as a wild-type background; DE, DvopE; V52,
O37 serogroup strain V52) (*p < 0.01). For (A)
and (B), datawere analyzed using a Student’s t test
for unpaired groups and expressed as themeans ±
SE of triplicate experiments.
(C) Immunostaining of CHO cells in (B). Perinuclear
mitochondrial clustering shown with asterisks.
Bar = 20 mm. See also Figure S3.
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Role of VopEGTPases (Miro1 and Miro2), mitofusins (Mfn1 and Mfn2), Drp1,
and optic atrophy type 1 (Opa1) (Frederick and Shaw, 2007;
Westermann, 2010), any of which could be a potential target
of the VopE GAP activity. Consistent with this hypothesis,
glutatione S-transferase (GST) pull-down assays demonstrated
that VopE-GST, but not Map-GST, specifically interacted with
Miro1 andMiro2, both of which are known to regulate mitochon-
drial morphogenesis and trafficking (Figure 4A) (Fransson et al.,
2003; Reis et al., 2009). Given their close amino acid sequence
homology (75.4% amino acid similarity between the human
paralogs), we hereafter refer to Miro1 and Miro2 as Miro for
simplicity.
Consistent with our in vitro pull-down analysis, we observed
significant colocalization of VopE with Miro in mitochondria
present in transfected CHO cells (Figures 4B, S4A, and S4B).
Furthermore, immunoprecipitation assays revealed that Myc-
epitope-tagged VopE interacted with Miro during V. cholerae
infection (Figure 4C). Mfn1 and Mfn2 coordinately regulate mito-
chondrial fusion, and Drp1 and Opa1 regulate mitochondrial584 Cell Host & Microbe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc.fission (Westermann, 2010), but little
is known about the function of Miro
GTPases in these mitochondrial pro-
cesses. Interestingly, VopE dramatically
prevented Mfn1-induced mitochondrial
fusion (Figure S4C) and colocalized
with Drp1-mediated mitochondrial fission
sites in transfected CHO cells (Fig-
ure S4D), suggesting that VopE modu-
lates mitochondrial dynamics including
fusion and fission by interacting with the
Miro GTPases.
VopE Binds to the GTPase-I Domain
of Miro
Next, we sought to determine which re-
gion of the Miro protein interacts with
VopE. Miro GTPases consist of twoGTPase domains (GTPase-I and GTPase-II), two EF-hand Ca2+
binding domains (EFH-I and EFH-II), and the transmembrane
domain that is located in the C-terminal region and is important
for anchoring to mitochondrial membranes (Figure 5A) (Fransson
et al., 2003; Reis et al., 2009). Maltose-binding protein (MBP)
pull-down assays using MBP-fused Miro1 truncation derivatives
revealed that the GTPase-I domain in Miro was the region
responsible for VopE binding (Figure 5B). To examine the GAP
catalytic effect of VopE on Miro GTPase activity, we performed
a GAP assay that is based on measuring GTP hydrolysis by
Miro in the presence or absence of VopE. Our results indicated
that GTP hydrolysis by Miro GTPase-I domain is enhanced
roughly 5-fold compared to control reactions in which Miro
or VopE were absent, or in the presence of R125K mutant.
Miro GTPase activity was increased in a VopE dose-dependent
manner in these in vitro experiments (Figures 5C and 5D).
Thus, VopE likely increases GTPase activity of Miro by binding
to its GTPase-I domain. By analogy to other small GTPase pro-
teins, this binding likely shifts Miro GTPase-I into an inactive
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Figure 4. VopE Interacts with Miro GTPases
(A) Immunoblotting of lysates from 293T cells
transfected for 24 hr with the indicated pcDNA3.1
plasmids (input) and pulled-down proteins (PD)
by the indicated GST-fused proteins (top). Coo-
massie brilliant blue (CBB) stains of the purified
GST-proteins (bottom).
(B) Immunostaining of CHO cells cotransfected for
20 hr with VopE-GFP and HA-Miro expression
plasmids. Bar = 10 mm. Pearson’s coefficients for
VopE-Miro1 and VopE-Miro2 colocalization were
0.85 and 0.90, respectively.
(C) Immunoblotting of lysates from HeLa cells in-
fected for 6 hr with the indicated V. cholerae AM-
19226 strains expressing VopE-Myc following
transfectionwithmock (CTL) orHA-Miro expression
plasmids and then subjected to immunoprecipita-
tion (IP) using anti-HA antibody. See also Figure S4.
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Role of VopEGDP-bound conformation (Bos et al., 2007). Consistent with
this conclusion, V. cholerae DvopE-induced perinuclear mito-
chondrial clustering in cells that have been knocked down for
Miro expression using siRNAs was 70% lower than that
mock-treated CHO cells (Figures 6B and 6C). Thus, VopE likely
inhibits perinuclear mitochondrial clustering by inhibiting Miro
activity.
Miro-Dependent Ca2+ Sensing Is Essential for
Mitochondrial Clustering
Miro GTPases are the major Ca2+ sensors mediating Ca2+-
induced inhibition of kinesin-mediated mitochondrial motility
(Wang and Schwarz, 2009). Ca2+ binding to EFH domains of
Miro results in conformational change and functional inhibition
(Wang and Schwarz, 2009). RNAi-mediated knockdown of
both Miro1 and Miro2 reduced the amount of mtHSP70, namely
mitochondrial mass, in CHO cells (Figure 6A), supporting a crit-
ical role for Miro in mitochondrial homeostasis. As noted earlier,
V. cholerae DvopE-induced perinuclear mitochondrial clustering
in Miro knockdown cells was 70% lower than in mock-treated
CHO cells (Figures 6B and 6C). Furthermore, DvopE-induced
perinuclear mitochondrial clustering was also significantly in-
hibited in the presence of the Ca2+ chelator EDTA or tubulin poly-
merization inhibitor nocodazole (Figures S5A–S5C). In addition,
dominant-negative mutants N18 and EFm of Miro that have
a loss-of-function mutation in the GTPase-I domain (T18N), or
twoCa2+-binging EFH domains (E208K and E328K), respectively
(Figure 6D), also dramatically inhibited DvopE-induced perinu-
clear mitochondrial clustering in CHO cells (Figures 6E, S5D,
and S5F). Taken together, these results suggest that infection
with V. cholerae DvopE induces Ca2+ influx in the host cells, fol-
lowed by Ca2+-bound Miro activating mitochondrial trafficking
along microtubules. VopE apparently inhibits Ca2+-dependent
mitochondrial trafficking by inhibiting Miro function through acti-
vation of its GTPase activity.Cell Host & Microbe 16, 581–591, NVopE Reduces NF-kB Signaling in
MAVS-Dependent Manner
Recent studies have demonstrated that
mitochondrial dynamics regulate innate
immune signaling in response to patho-gens and their components (West et al., 2011). For instance, mi-
tofusins, mediators of mitochondrial fusion, regulate the antiviral
signaling protein MAVS, a mitochondrial outer membrane pro-
tein that plays an important role in NF-kB and type I interferon
(IFN) signaling (Arnoult et al., 2009; Seth et al., 2005). Intriguingly,
V. cholerae DvopE infection activated the IL-8 promoter contain-
ing the NF-kB-binding site approximately 8-fold compared to
the WT and vopE-complemented V. cholerae DvopE-infected
HeLa cells (Figure 7A), whereas infection with a DvopE strain
did not sufficiently activate the IFN-b promoter containing the
IFN regulatory factor-binding sites (data not shown). Ectopic
VopE expression reduced V. cholerae DvopE infection-induced
NF-kB activation in CHO cells by 46.3% and MAVS transfec-
tion-induced NF-kB activation in 293T cells by 40.1% compared
to control cells (Figure 7B). Overexpression of a loss-of-function
GTPase mutant of Mfn1 (Mfn1-T109A) or EFm mutants of Miro
also significantly blocked NF-kB activation (Figure 7B), suggest-
ing that the perinuclear mitochondrial clustering phenotype
during infection contributes to mitochondria-mediated innate
immune responses.
MAVS Aggregation Is Induced in the Absence of VopE
MAVS is an essential adaptor for retinoic acid-inducible gene 1
(RIG-I), an intracellular receptor for RNA and DNA. RIG-I
signaling depends on the MAVS function and leads to transcrip-
tional activation of the NF-kB and IFN responses (Seth et al.,
2005). In response to viral infection, MAVS forms aggregates,
and this conformational switch activates and propagates the
innate immune signaling cascade (Hou et al., 2011). Likewise,
V. cholerae DvopE infection of CHO cells induced the MAVS
aggregates in a similar manner as in cells transfected with
polyinosinic-polycytidylic acid [poly(I:C)], a synthetic analog of
double-stranded RNA, whereas infection with the WT strain did
not induce MAVS aggregation (Figure 7C). Although VopE in-
hibited MAVS-mediated IkB kinase (IKK) activation in 293T cellsovember 12, 2014 ª2014 Elsevier Inc. 585
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Figure 5. VopE Activates GTP Hydrolysis of
Miro GTPases
(A)Miro1 derivatives (EFH, calcium-binding domain
known as the EF-hand; TMD, transmembrane
domain).
(B) Immunoblotting of lysates from AM-19226
DvopE strain producing VopE-Myc (input) and
pulled-down proteins (PD) by the indicated MBP-
Miro1 constructs (top). CBB stains of the purified
MBP-proteins (bottom).
(C and D) GAP assays for the indicated Miro1 (C)
or Miro2 (D) GTPase-I domains (5 mg) and VopE
(2.5 [+] or 5 mg [++]) in the presence of GTP. GTP
hydrolysis was measured from the amount of
inorganic phosphate (Pi) produced as a result of a
G-protein-dependent hydrolysis of GTP to
GDP+Pi after 20 min of incubation. Data were
analyzed using a Student’s t test for unpaired
groups and expressed as the means ± SE of trip-
licate experiments.
Cell Host & Microbe
Role of VopE(Figure 7D), VopE-Miro1 complex was not coimmunoprecipi-
tated with MAVS (Figure 7D), implying that VopE indirectly
inhibits MAVS-mediated NF-kB signaling by alteration of Miro-
dependent mitochondrial dynamics.
DISCUSSION
Pathogenic bacteria utilize diverse strategies to manipulate the
host innate immune response (Reddick and Alto, 2014). Some
organisms do this to avoid detection by the innate immune
system, while others deliberately hyperactivate the response to
induce inflammation that can benefit their growth in the infected
host (Winter et al., 2010a; Winter et al., 2010b). In particular,
many Gram-negative bacteria use T3SS to deliver effectors
targeting eukaryotic cells during infections (Hicks and Gala´n,
2013). T3SS effectors can alter the activity of Ras superfamily
of small GTPases of host cells, highly conserved regulators of
cell division, differentiation (Ras subfamily), actin cytoskeleton
rearrangement (Rho subfamily), and intracellular membrane
trafficking (Arf and Rab subfamily) (Alto, 2008; Hall, 2012). By
alternating GTPase signaling, T3SS-delivered effectors modify
normal defense responses of eukaryotic cells, including host
immune responses, internalization and transport of bacteria in
the cell and targeting them for degradation in lysosomes (Stein
et al., 2012). Small GTPases typically cycle between biologically
inactive, GDP-bound conformation and an active GTP-bound
form. These states are under tight regulatory control by two
main groups of proteins: guanine nucleotide exchange factors586 Cell Host & Microbe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc.(GEFs), which increase the rate of release
of the bound GDP (resulting in its replace-
ment by GTP), and GTPase-activating
proteins (GAPs), which donate an essen-
tial catalytic group (Arginine) for GTP
hydrolysis (Bos et al., 2007). Bacterial
GEFs mimic the 3D architecture of host
GEFs that allow them to disrupt GTPase
signaling through a complimentary lock-
and-key pairing with a specific host
GTPase (Huang et al., 2009). The well-characterized bacterial GEFs include IpgB1 and IpgB2 of
Shigella species and Map of EPEC, which activate Rac1,
RhoA, and Cdc42, respectively. Bacterial GAPs, such as YopE
and YopT of Yersinia, are distinct from host GAPs in both
sequence and structural organization but nonetheless engage
Rho GTPases in a manner similar to host GAPs by employing a
conserved arginine residue (Stebbins and Gala´n, 2000).
Our results suggest that T3SS effector VopE of V. cholerae
AM-19226 functions as a GAP that inactivates Miro by binding
and increasing its rate of GTP hydrolysis. Miro belongs to a sepa-
rate family of Ras superfamily, as its structural organization and
functional properties are distinct from those of classical small
GTPase (Reis et al., 2009). Miro contains two GTPase domains
separated by two canonical and two noncanonical EF-hand
motifs that are required for calcium binding and a C-terminal
transmembrane domain anchoring Miro to a mitochondrial outer
membrane (Fransson et al., 2003; Klosowiak et al., 2013). The
N-terminal GTPase domain (GTPase-I, Figure 6D) of Miro is
similar to Rho GTPases, while the C-terminal GTPase domain
(GTPase-II) is structurally more similar to the Ras homolog
Rheb (Klosowiak et al., 2013). Miro also diverges from the Rho-
conserved DxxG Switch II motif and lacks the insert domain
and a membrane-targeting CAAX-box (Reis et al., 2009). Our
data show that VopE exerts its activity through binding to
GTPase-I of Miro; thus, it is likely that the molecular mechanism
of the VopE-Miro interaction is similar to that of Rho GTPase in-
hibition by Yersinia YopE, Pseudomonas aeruginosa ExoS, and
Salmonella enterica SptP effectors (Stebbins and Gala´n, 2000).
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Figure 6. Miro Is Responsible for Peri-
nuclear Mitochondrial Clustering during
Infection
(A) Semiquantitative RT-PCR (top three panels)
and immunoblotting (bottom two panels) from total
RNA and lysates from CHO cells transfected for
48 hr with the indicated siRNAs (CTL, control;
Miro#1, mix of miro1-1 and miro2-1; Miro#2, mix
of miro1-2 and miro2-2).
(B) Quantification of perinuclear mitochondrial
clustering in CHO cells transfected for 48 hr with
the indicated siRNAs and then mock infected or
infected for 6 hr with AM-19226 DvopE (*p < 0.01).
(C) Immunostaining of CHOcells (CTL andMiro#1).
Perinuclear mitochondrial clustering is shown with
asterisks. Bar = 10 mm.
(D) Miro derivatives and sites of point mutation
changes (EFm, E208K, and E328K double muta-
tions in the EF-hand domain; N18 and T18N
mutation in the GTPase-I domain).
(E) Perinuclear mitochondrial clustering in CHO
cells transfected with plasmids and over-
expressing the indicated proteins and then mock-
infected or infected for 6 hr with AM-19226 DvopE
(*p < 0.01). See also Figure S5. For (B) and (E),
data were analyzed using a Student’s t test for
unpaired groups and expressed as the means ±
SE of triplicate experiments.
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Role of VopEHowever, a crystal structure of VopE is required to confirm
this hypothesis, as the unique tertiary structures and catalytic
mechanisms of some T3SS effectors, such as LepB of Legion-
ella, VirA of Shigella and EspG of EPEC, were not apparent
from their primary or predicted secondary structures (Dong
et al., 2012; Yu et al., 2013).
Miro is a Ca2+-sensitive adaptor protein that attaches themito-
chondria to kinesin superfamily protein 5 (KIF5) motor proteins
through the cargo-adaptor protein Milton and, in combination
with accessory proteins trafficking kinesin protein 1 (TRAK1),
TRAK2 and Myo19 (myosin-XIX), moves mitochondria along
microtubules in the cells (Brickley and Stephenson, 2011; Chang
et al., 2011; Glater et al., 2006; Quintero et al., 2009). It has also
been suggested that Miro interacts with dynein/dynactin com-
plex possibly to promote anterograde mitochondrial trafficking
(Morlino et al., 2014). The EF-hand motif allows Miro to act
as a Ca2+ sensor and mediate movement of mitochondria along
Ca2+ gradient from areas of lowCa2+ to areas of high Ca2+ (Wang
andSchwarz, 2009). Here, we show that Ca2+ is also essential for
Miro-mediated perinuclear mitochondrial clustering, as Ca2+
chelators and mutations in EF-hand motifs abrogated this
clustering. Collectively our results suggest that infection with
T3SS-positive V. cholerae induces Ca2+ influx in the host cells
that would ordinarily cause GTP-bound Miro to bind Ca2+ and
to activate mitochondrial transport along microtubules. Our
data suggest that the T3SS effector VopE apparently inhibits
this Ca2+-dependent mitochondrial trafficking by inhibiting Miro
function through its GAP activity.
Our results also showed that in the absence of VopE, T3SS-
positive V. cholerae are detected by host cells, and this resultsCell Host &in a Miro-dependent reorganization of the mitochondrial
network, an event that causes dramatic perinulear clustering
of these organelles. Interestingly, perinuclear clustering of
mitochondria was previously shown to be induced in the pres-
ence of a constitutive mutant of Miro and was associated with
an increase in apoptosis 48 hr after transfection with Miro ex-
pressing construct (Fransson et al., 2003). In our hands, we did
not see an increase in the rate of apoptosis; however, our exper-
iments were performed during a shorter time frame. Additionally,
Miro is an integral regulatory component of ERMES, an ER-
mitochondria encounter structure that tethers components
that play roles in phospholipid exchange between organelles,
coordination of mitochondrial protein import, mitochondrial
DNA replication, and mitochondrial dynamics (Kornmann et al.,
2011). The GTPase-I domain of Miro is required for its associa-
tion with ERMES complex and to break ER-mitochondria con-
tacts during mitochondrial division (Murley et al., 2013). Thus,
it is possible that binding of VopE to GTPase-I of Miro leads
to changes in ERMES activity (Kornmann et al., 2011; Murley
et al., 2013). Thus, suppression of perinuclear mitochondrial
clustering by VopE might to some degree reflect an alteration
in ERMES activity that, in turn, alters the rates of Miro-dependent
ER-mitochondria separation.
Mitochondrial dynamics plays an essential role in mounting of
the immune response, since mitochondria function as signaling
platforms and are required for generation of reactive oxygen
species (Cloonan and Choi, 2013). This report describes the
importance of Miro for the induction of immune responses. Pre-
vious studies have focused on the role of Miro in cell processes
that occur in neurons and epithelial stem cells (see below). OurMicrobe 16, 581–591, November 12, 2014 ª2014 Elsevier Inc. 587
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Figure 7. VopE-Induced Mitochondrial Dy-
namics Inhibits Host Inflammatory Re-
sponses to Infection
(A) Luciferase assays of lysates from HeLa cells
transfected for 20 hr with IL-8 reporter (human IL-8
promoter, 1498/+44) and then infected for up
to 6 hr with the indicated V. cholerae AM-19226
strains.
(B) Luciferase assays of lysates from CHO cells
cotransfected for 20 hr with the indicated
pcDNA3.1 plasmids and NF-kB reporter and then
infected for 4 hr with AM-19226 DvopE (left, *p <
0.01). Luciferase assays of lysates from 293T cells
cotransfected for 24 hr with MAVS expression
plasmid (100 ng) as a stimulator, the indicated
pcDNA3.1 plasmids, and NF-kB reporter (right,
*p < 0.01).
(C) Immunostaining of CHO cells transfected for
20 hr with FLAG-MAVS expression plasmid and
then mock infected or infected for 6 hr with the
indicated AM-19226 strains, or treated for 6 hr
with synthetic double-stranded RNA Poly(I:C).
Bar = 10 mm.
(D) 293T cells were cotransfected with VopE-GFP,
FLAG-MAVS, and HA-Miro1 expression plasmids,
then subjected to immunoblotting and IP, as indi-
cated. For in vitro kinase assay, IKK complex was
immunoprecipitated using anti-Nemo antibody.
Purified GST-IkB proteins were coincubated, and
the phosphorylated proteins were detected using
anti-p-IkB (Ser32) antibody.
For (A) and (B), data were analyzed using a Stu-
dent’s t test for unpaired groups and expressed as
the means ± SE of triplicate experiments.
Cell Host & Microbe
Role of VopEdata show that perinuclear mitochondrial clustering in the
absence of Miro-VopE interaction during V. cholerae infection
resulted in an increase of MAVS aggregation and induction of
NF-kB signaling. However, because we did not detect a direct
VopE-MAVS interaction, the MAVS aggregation we observed is
most likely due to Miro-dependent changes in mitochondrial dy-
namics. Currently, a link betweenMiro-dependent mitochondrial
trafficking and MAVS aggregation/activation has not been re-
ported. However, it is possible that Miro indirectly influences
MAVS aggregation/activation through modulation by MAVS-
regulating proteins (Jacobs and Coyne, 2013). Of a particular
interest in this case would be Mfn1 and Drp1, as we showed
that VopE prevents Mfn1-induced mitochondrial fusion and is
localized with Drp1-mediatedmitochondrial fission sites (Figures
S4C and S4D). Interestingly, the bacterial toxins Helicobacter
pylori vacuolating cytotoxin A (VacA) and Listeria monocyto-
genes listeriolysin O (LLO) are known to activate the mitochon-
drial fission machinery. VacA causes mitochondrial fragmenta-
tion and subsequent apoptosis induction by Drp1 activation
(Jain et al., 2011), and LLO mediates Drp1- and Opa1-indepen-
dent mitochondrial fission (Stavru et al., 2013). Although these
changes in mitochondrial dynamics alter some mitochondria-
dependent events (e.g., cell death), these toxins have not been
implicated in modulating innate immune responses. In contrast,
our data suggest that by altering Miro-dependent mitochondrial
trafficking, VopE can suppress innate immune responses specif-
ically in the perinuclear region where the endoplasmic reticulum
(ER) and MAVS signaling complexes are localized. ER-associ-588 Cell Host & Microbe 16, 581–591, November 12, 2014 ª2014 Elsated components such as stimulator of IFN genes (STING) are
critical components of the MAVS signaling complex and interact
with other cytosolic nucleic sensors such as RIG-I and cyclic
GMP-AMP synthase (cGAS) (Biacchesi et al., 2012; Hou et al.,
2011; Seth et al., 2005; Sun et al., 2013; Takeuchi and Akira,
2010). RIG-I and STING are central mediators of innate immune
responses leading to activation of NF-kB and production of type
I IFNs (Burdette et al., 2011; Gack, 2014; Loo and Gale, 2011).
RIG-I plays a key role in sensing of non-self RNA in the cell
cytosol, while STING is required for sensing of cyclic dinucleo-
tides that are produced by cGAS in response to its detection
of cytosolic DNA (Ablasser et al., 2013; Danilchanka and Meka-
lanos, 2013; Diner et al., 2013; Gao et al., 2013; Schlee, 2013;
Sun et al., 2013; Zhang et al., 2013). Future experiments
might address whether VopE can interfere with RIG-I and STING
signaling, since both of these innate immune receptors are
dependent on MAVS activation.
Besides innate immune responses, mitochondrial dynamics
are also essential for other central cellular processes, including
energy balance and oxidative stress responses. Thus far, our
knowledge of how Miro regulation affects these mitochondrial
functions is limited. It has been hypothesized that Miro is regu-
lated by endogenous GAPs and GEFs due to a low rate of GTP
hydrolysis of both GTPase-I and GTPase-II (Kornmann et al.,
2011; Koshiba et al., 2011), but to our knowledge, such host-
derived Miro regulatory proteins have not yet been described.
The fact that VopE regulates Miro thorough its GAP activity, as
shown by our data, strongly indicates that Miro is likely underevier Inc.
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Role of VopEcontrol of undefined host GAPs that VopE is able to mimic. Addi-
tionally Miro is regulated at the posttranslational level by the Ser/
Thr kinase PTEN-induced kinase 1 (PINK1) and the E3 ubiquitin
ligase Parkin, two key proteins whose alteration by mutations
has been linked to the early onset of Parkinson’s disease (Sarraf
et al., 2013; Wang et al., 2011). How phosphorylation of Miro re-
lates to functions that are protective against this neurological
disease is currently not fully understood (Birsa et al., 2014; Liu
et al., 2012; Wang et al., 2011).
Additionally, recent reports suggest that Miro1 regulates inter-
cellular mitochondrial trafficking from mesenchymal stem cells
(MSCs) toepithelial cells and isprotectiveagainst acute lung injury
(Ahmad et al., 2014; Islam et al., 2012).Whilemitochondrial trans-
fer and a role of MSCs in epithelial recovery in the context of gut
diseases have not been investigated, it is tempting to speculate
that VopE might play a role in gut epithelial injury recovery and
disease progression during V. cholerae infection. Interestingly,
another T3SS effector VopF is known to reorganize the actin
cytoskeleton, depolarize epithelial monolayers, and disrupt the
tight junctions between epithelial cells (Tam et al., 2010). Thus,
T3SS-delivery of VopE toMSCs located under a layer of epithelial
cells (Powell et al., 2011)might cause the inhibitionofMiro-depen-
dentmitochondrialmovement and thus interferewith the recovery
of the epithelium during V. cholerae infection. The combination
of disruption of tight junctions and inhibition of epithelial repair
might explainwhyboth VopE andVopF contribute to the diarrheal
response triggered by V. cholerae infection (Tam et al., 2010).
In conclusion, our data suggest that the activity of Miro
GTPases can be modulated. They, therefore, should be consid-
ered as targets for drug discovery. Compounds that inhibit
or activate these proteins might be broadly useful in the treat-
ment of inflammatory conditions of the epithelium (e.g., Crohn’s
disease) as well as neurological conditions (e.g., Parkinson’s
disease), where alterations of Miro-dependent mitochondrial
dynamics may play a protective role.
EXPERIMENTAL PROCEDURES
Cell Culture Infection Experiments
V. cholerae WT strains AM-19226 and V52 and their isogenic Dhap Dhly Drtx,
DvcsN, and/or DvopE mutants were previously described (Tam et al., 2007,
2010). AM-19226 derivatives harboring C-terminal Myc-tagged vopE (WT,
R125K, or L4E) genes cloned into pRSFDuet-1 were constructed for this study.
V. cholerae strains were cultured according to standard procedures (Tam
et al., 2007, 2010). CHO, HeLa, and 293T cells lines were grown in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) containing 10% fetal bovine serum.
Cultured cells were infected with V. cholerae at a multiplicity of infection of 20–
100. To measure host cell death during infection, LDH assay was performed
using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) according
to the manufacturer’s instructions.
Perinuclear MT Clustering
V. cholerae infection of cell lines induced mitochondrial fusion following
mitochondrial translocation to the perinuclear region. The series of cellular
processes are termed ‘‘perinuclear mitochondrial (MT) clustering.’’ We defined
the perinuclear MT clustering phenotype induced by V. cholerae infection as
the abnormal perinuclear aggregation of mitochondria. Representative images
showing cells with perinuclear MT clustering are shown in Figure 3C. To obtain
quantitative data on MT clustering, more than 100 cells were observed in
each experiment, and each experiment was repeated at least three times.
Datawere analyzed using a Student’s t test for unpaired groups and expressed
as the means ± SE of triplicate experiments.Cell Host &GST and MBP Pull-Down Assay
Assays were performed as previously described (Suzuki et al., 2009,
2011). N-terminal GST- and MBP-fused proteins were purified from E. coli
BL21(DE3) by glutathione sepharose (GE Healthcare Life Sciences) and
amylose resin (New England Biolabs), respectively, using manufacturer’s
recommendations.
GAP Assay
The GAP activity of VopE on Miro GTPases was measured as GTP hydrolysis
using CytoPhos Endpoint Phosphate Assay (Cytoskeleton) according to the
manufacturer’s instructions. Purified GST-VopE (2.5 or 5 mg) and the
GTPase-I domain of MBP-Miro proteins (5 mg) were incubated at 37C for
20 min with 200 mM GTP in the reaction buffer (20 mM Tris [pH 7.5], 50 mM
NaCl, 10 mM MgCl2, and 1 mM DTT). Phosphate generated by hydrolysis
of GTP was measured by the addition of CytoPhos reagent and reading of
absorbance at 650 nm.
Luciferase Assay
Luciferase assays were performed using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions. Cells were
cotransfected for 20 hr with the appropriate firefly luciferase reporter plasmid
and Renilla luciferase control reporter plasmid phRL-TK. The firefly luciferase
levels were measured and normalized to the activity of phRL-TK-derived
Renilla luciferase. Data were analyzed using a Student’s t test for unpaired
groups and expressed as the means ± SE of triplicate experiments.
In Vitro Kinase Assay
IKK kinase assays using purified GST-IkB protein were performed as
described (Suzuki et al., 2011). Briefly, 293T cells (5 3 107 cells) were
transfected for 24 hr with VopE-GFP, FLAG-MAVS, and/or HA-Miro1 expres-
sion plasmids (1 mg each), and IKK complex was immunoprecipitated using
anti-Nemo antibody. Immunoprecipitates and 1 mg of GST-IkB proteins were
incubated at 30C for 5 min. The phosphorylated proteins were detected by
immunostaining using anti-p-IkB (Ser32) antibody.
See the Supplemental Experimental Procedures for detailed methods.
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